Streptomyces setonii (ATCC 39116) is a thermophilic soil actinomycete capable of degrading single aromatic compounds including phenol and benzoate via the ortho-cleavage pathway. Previously, a 6.3-kb S. setonii DNA fragment containing a thermophilic catechol 1,2-dioxygenase (C12O) gene was isolated and functionally overexpressed in Escherichia coli (An et al., FEMS Microbiol. Lett. 195 (2001) 17^22). Here the 6.3-kb S. setonii DNA fragment was shown to be organized into two putative divergently transcribed gene clusters with six complete and one incomplete open reading frames (ORFs). The first cluster with three ORFs showed homologies to previously known benA, benB, and benC, implying it is a part of the benzoate catabolic operon. The second cluster revealed an ortho-cleavage catechol catabolic operon with three translationally coupled ORFs (in order): catR, a putative LysR-type regulatory gene; catB, a muconate cycloisomerase gene; catA, a C12O gene. Each of these individually cloned ORFs was expressed in E. coli and identified as a distinct protein. The expression of the cloned S. setonii catechol operon was induced in Streptomyces lividans by specific single aromatic compounds including catechol, phenol, and 4-chlorophenol. A similar induction pattern was also observed using a luciferase gene-fused reporter system.
Introduction
Streptomycetes and their physiologically related actinomycetes are ubiquitous Gram-positive soil bacteria and some of the most important industrial microorganisms for the biosynthesis of many valuable secondary metabolites, including antibiotics, anti-cancer drugs, immunosuppressors, and enzyme inhibitors [1] . From an environmental and ecological perspective, they are also valuable due to their capabilities in degrading the diverse structures of various natural and unnatural organic compounds [2^6] like other well-characterized Gram-negative [7^11] and some Gram-positive bacteria [12^16] . Interestingly, the overall characteristics of certain catabolic enzymes involved in aromatic compound metabolism such as catechol 1,2-dioxygenase (C12O) found in Gram-positive bacteria seem to be phylogenetically distant from those found in Gram-negative bacteria, suggesting that the two metabolic systems might have originated from di¡erent evolutionary ancestors [12^16] .
Streptomyces setonii (ATCC 39116), originally isolated from vanillate-enriched Idaho soil, degrades various single aromatic compounds including phenol and benzoate through a catechol intermediate via an ortho-cleavage pathway using C12O [17, 18] . Previously, we constructed an S. setonii DNA library and isolated a 6.3-kb PstI fragment, within which a 1.4-kb fragment containing the fulllength C12O gene, catA, was sequenced [19] . Nucleotide sequencing analysis of the 1.4-kb DNA fragment revealed a 0.84-kb open reading frame (ORF), which showed a strong overall amino acid similarity to the known high-G+C Gram-positive (but signi¢cantly less to the Gramnegative) bacterial mesophilic C12Os [19] . The heterologous expression of the cloned 1.4-kb DNA fragment in Escherichia coli demonstrated that this C12O possessed a thermophilic activity within a broad temperature range (up to 65 ‡C) and showed a higher activity against 3-methylcatechol than catechol or 4-methylcatechol, but no activity against protocatechuate [19] . In this report, the £anking regions of the S. setonii C12O gene were further investigated revealing for the ¢rst time among streptomycetes, the presence of divergently transcribed operons: for benzoate and catechol catabolic gene clusters. The results also suggested that the expression of the S. setonii orthocleavage catabolic pathway was induced by speci¢c aromatic compounds, implying the presence of an inducerspeci¢c regulatory system for catechol catabolism.
Materials and methods
2.1. Bacterial strains, plasmid, and cultivation conditions S. setonii (ATCC 39116), obtained from the American Type Cell Collection (ATCC, USA) was routinely grown on R2YE agar plates at 45 ‡C for sporulation [19, 20] . S. setonii spores were suspended and stored in sterile 20% glycerol solution at 320 ‡C. For total DNA isolation, the S. setonii spore suspension was inoculated into 25 ml of YEME liquid medium and cultured for 2 days at 45 ‡C [20] . The Streptomyces total DNA isolation method was as previously described [20] . E. coli DH5K, BL21(DE3), plasmids pUC19 and pET21b, and the streptomycetesÊ . coli shuttle vector pWHM3 were used for cloning and expression experiments, following standard molecular biology procedures [20] .
2.2.
Cloning and sequence analysis of a 6.3-kb PstI fragment from S. setonii
The previously cloned [19] 6.3-kb S. setonii DNA fragment was completely sequenced commercially by Macrogen (Seoul, Korea). Computer-based sequence analysis was performed with Multiple Sequence Alignment (ClustalW program by European Bioinformatics Institute) (GenBank accession number AF435013).
Heterologous expression in E. coli
Six complete ORFs (benA, benB, catR, catA, catB, catC) identi¢ed in pESK003 were individually cloned and heterologously expressed in E. coli. Each of four ORFs (benA, benB, catB, and catR) was ampli¢ed by polymerase chain reaction (PCR) (Idaho Technology, USA) using NdeI-containing forward primers and HindIII-containing reverse primers: forward benA-1 : 5P-GTTGGAGGTTCATAT-GACCGAGACCC-3P; reverse benA-2 : 5P-GTCGCGC-TGGAAGCTTCGCCGCTCCG-3P, forward benB-1: 5P-TCGGAGCGGCCATATGACCAGCGCGA-3P; reverse benB-2: 5P-GACGCCTCCCAAGCTTGTGGTA GAC-G-3P, forward catB-1: 5P-ACGAGGTCAGCATATGAA-GATCACGC-3 ; reverse catB-2: 5P-TGGGTGGCGGAA-GCTTGATCCTCCTT-3P, forward catR-1: 5P-AAGGA-GGCCGCATATGGAGCTGCGTA-3P; reverse catR-2: 5P-CGCGTGATCTAAGCTTGCTGACCTCG-3P. catC was also ampli¢ed by PCR using a PstI site-containing forward primer and an EcoRI site-containing reverse primer : forward catC-1: 5P-TACTGGAGGACTGCAG-CATGTTGTTC-3P; reverse catC-2: 5P-CGGAACACGT-GAATT CGCGCTGACGA-3P. The PCR condition for high-G+C DNA has been described elsewhere [19] . Each of the PCR-ampli¢ed products was cloned into pGEMTeasy plasmid (Promega, USA) and sequenced, followed by cloning into a NdeI/HindIII double-digested pET21b (Novagen, USA) or PstI/EcoRI double-digested pUC19. In the case of catA expression, the previously cloned pESK009-2(+) was used [19] . For protein expression, the pET21b-based constructs and the pUC19-based constructs were transformed into E. coli BL21(DE3) and DH5K, respectively. E. coli containing a pET21-based construct was cultured in Luria^Bertani (LB) liquid medium containing 100 Wg ml 31 of ampicillin at 37 ‡C for 90 min, followed by the addition of 1 mM isopropyl-L-D-thiogalactopyranoside and 3 h incubation. The E. coli containing a pUC19-based construct was cultured in LB liquid medium containing 100 Wg ml 31 of ampicillin at 37 ‡C overnight. E. coli cells were harvested by centrifugation at 10 000 rpm for 5 min, washed with 10 ml of 1 mM MnSO 4 in 50 mM Tris^HCl (pH 7.5) bu¡er, disrupted by sonication by four 10-s bursts (35% amplitude and 9-s pulse) with an ultrasonic homogenizer, and centrifuged at 10 000 rpm for 30 min. The clear supernatant (approximately 1.5 Wg Wl 31 of total protein) was used as a crude lysate for 10% sodium dodecyl sulfate^polyacrylamide gel electrophoresis (SDSP AGE).
Inducible and heterologous expression of C12O in Streptomyces lividans
The 6.3-kb PstI fragment was ¢rst cloned in a streptomycetes^E. coli shuttle vector pWHM3 in E. coli (named pESK003), followed by the polyethylene glycol (PEG) precipitation and transformation into S. lividans [20] . The S. lividans containing the plasmid pESK003 was cultivated with constant shaking (200 rpm) at 30 ‡C in 50 ml of a minimal medium supplied with 0.5 g l 31 of glucose and 5 Wg ml 31 thiostrepton for 28 h [20] . The culture was further incubated for 8 h after the addition of an inducing compound. The Streptomyces cells were harvested by centrifugation at 10 000 rpm for 5 min, washed with 10 ml of 1 mM MnSO 4 in a 50 mM Tris^HCl (pH 7.5) bu¡er, disrupted by soni¢cation with four 10-s bursts (35% amplitude and 9-s pulse) using an ultrasonic homogenizer, and then centrifuged at 10 000 rpm for 30 min. The clear supernatant was used as a crude lysate for the C12O enzyme as described [19] . The reaction was initiated by the addition of 30 mM catechol and followed by measuring the absorbance at 260 nm [19] .
Construction of lux gene-fused reporter system and inducible luciferase assay
In order to construct lux gene-fused reporter system, the previously reported [19] pESK004, a Vibrio harveyi luxAB locus from the pUT plasmid cloned into the HindIII/Bam-HI double-digested pWHM3 [19] was digested with HindIII and ligated with an about 3-kb DNA fragment containing a putative promoter region, catR, catB, and catA genes which was ampli¢ed by PCR using a pair of HindIII-containing primers (forward catR1: 5P-AGATCTCC-TCAAGCTTGAAGATCCGG-3P reverse catA3: 5P-TGA-GTCCTCCAAGCTTAATCAAGCCG-3P, named pESK006). The S. lividans containing pESK006 was cultured in a minimal medium (Na 2 HPO 4 W12H 2 O 10 g, (NH 4 ) 2 SO 4 3 g, KH 2 PO 4 1 g, yeast extract 0.5 g, MgSO 4 W7H 2 O 0.2 g, CaCl 2 W2H 2 O 0.05 g in 1 l water) at 30 ‡C with 200 rpm for 24 h, followed by the addition of various aromatic compounds including phenol, 2-chlorophenol, 4-chlorophenol, benzoate, and catechol. A 1-ml aliquot of samples was taken at every 2 h for the optical density (OD 600nm ) measurements and luciferase enzyme assays [21] . The luciferase activity of the S. lividans containing pESK006 was measured using a luminometer (Bioscan Lumi-Scint1, Washington, DC, USA) and expressed as relative light units (RLU). Since this recombinant S. lividans contains only luxAB genes, a 0.005% n-decyl aldehyde (Sigma, St. Louis, MO, USA) was also added as a substrate for luciferase enzyme assay [21] . A total of six complete and one partial ORFs were identi¢ed in the previously isolated 6.3-kb S. setonii DNA fragment (Fig. 1 , GenBank accession number AF435013). The overall G+C contents of the 6309 bp was 69%. The ORFs also exhibited a typical high G+C content at the third position of the codons as found in most Streptomyces ORFs (between 88.3% and 98.2%). These ORFs were arranged in two putative divergently transcribed gene clusters with four ORFs to the right and three ORFs to the left (Fig. 1) .
Each of the putative ORFs was individually ampli¢ed from the predicted start to the stop codons using the PCR method, and independently cloned into E. coli expression vector (see Section 2). As shown in Fig. 2 , each of the E. coli transformants containing putative ORF expressed a distinct protein band with the position corresponding to the expected molecular mass in SDS^PAGE, even though one expected protein (BenA) band was not clearly visible on the Coomassie blue-stained gel due to the heavy expression of similar-sized indigenous E. coli proteins.
The ¢rst gene cluster (named benzoate cluster) with two putatively translationally coupled ORFs and one partial ORF was assigned in order of their amino acid similarities as benA, benB, and a part of benC (Fig. 1) . The three deduced gene products BenA, BenB, and BenC in the benzoate cluster are presumably involved in the conversion of benzoate to catechol because they exhibit relatively high amino acid homologies (identities from 42% to 66%) to the previously known benzoate catabolic enzymes found in Gram-negative bacteria including Pseudomonas putida P111 and Acinetobacter sp. ADP1 ( Fig. 1 [22,23] ). The benA, benB, and benC isolated and sequenced from S. setonii are apparently the ¢rst reported streptomycete benzoate catabolic genes.
The second gene cluster (named catechol cluster) located downstream of the benzoate cluster consists of four ORFs aligned in an opposite direction with three putatively translationally coupled ORFs (Fig. 1 ). These four ORFs were then assigned in order of their deduced amino acid similarities as catR (a positive regulatory gene), catB (a Fig. 3 . a: Comparison of catechol catabolic gene clusters among various bacteria (from top, S. setonii ; Rhodococcus erythropolis 1CP [13] ; Acinetobacter calcoaceticus [29] ; P. putida [30] ; Pseudomonas aeruginosa [31] ). b: Nucleotide sequences of putative LysR-type regulator binding site (T-11 nt-A), which is located 370 upstream of the start codon of catR. muconate cycloisomerase gene), catA (a catechol 1,2-dioxygenase gene), and catC (a muconate isomerase gene) (Fig. 1) . The three deduced gene products CatA, CatB, and CatC in the catechol cluster are also assumed to be involved in the early steps of catechol catabolism because of amino acid homologies to the previously known catechol catabolic enzymes found in both Gram-negative and Gram-positive bacteria (Fig. 1) . However, unlike the benzoate catabolic gene products, the catechol catabolic gene products showed varying degrees of amino acid homologies to previously known catechol catabolic enzymes. While the S. setonii CatC exhibited a relatively high homology (73% identity to Mycobacterium smegmatis mc2 catC [24] and 66% identity to Acinetobacter lwo⁄i K24 catC [25] ) to previously characterized Gram-negative and Gram-positive CatCs, the S. setonii CatB and CatR revealed much less signi¢cant homologies (32% identity to Pseudomonas sp. CA10 catR [26] and 30% identity to Burkholderia sp. NK8 catB [27] ). In the case of CatA, a higher amino acid homology was exhibited toward previously known Gram-positive CatAs, yet much less toward the Gram-negative CatAs [19] .
Inducible expression of the catechol catabolic operon by speci¢c aromatic compounds
The interesting and unique feature of the catechol catabolic gene cluster in S. setonii was the unusual orientation of the putative regulatory gene, catR. Unlike divergently located Gram-negative catR systems, the S. setonii catR was located in the same orientation as the catechol operon and also putatively translationally coupled to catB (Fig. 3a) . This unique gene arrangement of apparently transcriptionally coupled catR has never been reported so far, and it remains to be investigated whether S. setonii catR's unusual genetic arrangement has any biological signi¢cance. Nonetheless, the catR is believed to be a positive catechol catabolic regulatory gene due to its amino acid similarity to previously known CatRs [28] . And also, a highly conserved LysR-type regulator binding sequence (T-11 nt-A), typically found in the 370 promoter region of the catechol operon, was also identi¢ed in the upstream region of the S. setonii catechol operon [28] (Fig. 3b) .
To investigate the regulatory mechanism of catechol catabolism in S. setonii, the plasmid pESK003 (a 6.3-kb PstI fragment cloned in pWHM3) was expressed in S. lividans and assayed for C12O activity after induction with several aromatic compounds. S. lividans containing plasmid pESK003 was cultivated at 30 ‡C in 50 ml of a minimal medium supplied with 0.5% glucose and 5 Wg ml 31 thiostrepton for 28 h [19] , followed by further incubation for 8 h after the addition of an inducing compound. The pESK003-containing S. lividans cells were harvested and disrupted by sonication after centrifugation, and the resulting clear supernatant £uid was used as a crude lysate for the C12O enzyme assay [19] . As shown in Fig. 4a , the C12O activity was detected when the pESK003-containing S. lividans was induced by 1 mM catechol, yet no such C12O activity detected without induction. Interestingly, a similar C12O induction pattern was also observed when phenol or 4-chlorophenol was used as the inducing compound (Fig. 4a,b) . The induced C12O activities by these three compounds also increased proportionally to the concentration of the inducing compounds (Fig. 4b) . Benzoate and hydroxylated benzoate failed to induce C12O expression. To con¢rm the inducible expression of the catechol catabolic operon by speci¢c aromatic compounds, a part of the operon containing the putative promoter region and three putatively translationally coupled genes (catR, catB, and catA) fused with lux reporter genes was cloned into the pWHM3 shuttle vector (named pESK006, Fig. 1 ). As expected, luciferase activity was detected when the pESK006-containing S. lividans was induced by catechol or 4-chlorophenol (Fig. 5a) . Although the pESK006-containing S. lividans showed a basal level of luciferase activity without induction, probably due to a stationary-phase- dependent promoter activity, the addition of either catechol or 4-chlorophenol stimulated the luciferase activity more than three-fold in 8 h after induction (Fig. 5a ). Like the inducible C12O activity shown in the pESK003-containing S. lividans, the induced luciferase activity was also proportionally dependent on the concentration of the 4-chlorophenol (Fig. 5b) . These results along with the C12O inducibility data above strongly suggest that the catechol operon pathway in S. setonii is induced by speci¢c aromatic compounds such as catechol or 4-chlorophenol.
Based on the previously proposed catR-mediated catechol catabolic regulatory mechanism in Pseudomonas species, it would appear that cis,cis-muconic acid, the intermediate converted from catechol by the C12O enzyme, may be the actual inducing compound that binds to the CatR protein for the recognition of the upstream region of the catechol catabolic operon [28] . Based on the nucleotide sequence homology of catR and putative catR binding sites (Fig. 3b ) along with the current experimental results, S. setonii is expected to have a similar regulatory mechanism that the catechol is ¢rst converted by the C12O enzyme encoded by catA to cis,cis-muconic acid, and then to play a role of inducer compound for catechol operon regulation. Interestingly, however, 4-chlorophenol was as effective as catechol as an inducer compound, and also the catR gene is located in the same catechol catabolic operon. Therefore, it cannot be ruled out that Gram-positive streptomycetes may employ a distinct aromatic compound metabolic regulation. The detailed mechanism needs to be further investigated. In addition, considering the valuable application of the thiostrepton-inducible tipA promoter system in streptomycete molecular biology [20] , this newly characterized aromatic compound-inducible system should also have a potential value for streptomycete gene expression and regulation. In conclusion, S. setonii contains an unusually arranged ortho-cleavage catechol catabolic gene cluster with an inducer-speci¢c regulatory system. The unique streptomycete metabolic gene cluster characterized in this article should increase our understanding about aromatic compound metabolism in streptomycetes.
